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analysis are presented. These DNA-based relationships are compared with a morphological and cytological
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>lt<ated as the sister

supported by this cpDNA restriction site analysis. Preliminary DNA restriction fragment analysis far the nine
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monotypic Central American sect. Jimcnezia. The phylogt of the other sections of Fuchsia

remain unclear. Comparisons of systematic results using cpDNA restriction site variability and morphological,

Phylogenetic analysis of plants using moleculai

techniques is increasingly providing detailed and

often unexpected evidence of phylogenetic rela-

tionships among populations, species, sections, gen-

era, and tribes (Gottlieb, 1977a, b; Gottlieb &
Weeden, 1979; Odrzykoski & Gottlieb, 1984;

Sytsma & Schaal, 1985a; Sytsma & Gottlieb,

1986a, b; Jansen & Palmer, 1987, 1988; Rie-

seberg et al., 1988; Soltis et al., in press). A major

strength of many of these new molecular tech-

niques— e.g., chloroplast DNA(cpDNA) restriction

fragment analysis —is that they provide numerous

independent characters that can be used as his-

torical markers to define more rigorously the phy-

logenetic relationships of the plants (see Sytsma &
Gottlieb, 1986b, and Jansen & Palmer, 1988, for

examples). Those molecular techniques that pro-

analysis of cpDNA i

zyme encoding genes, are still powerful.

underlying genetic or structural bases can

acta changes can be argued to be strictlj homo]

ogous and rare (see Jansen & Palmer, 1987, and

Gottlieb & Weeden, 1979, for examples, respec-

The Onagraci proi km unique opportu

and genetic techniques, especially those involving

proteins and nucleic acids. The Onagraceae are a

defined family of seven tribes, 16 genera, and

iproximatel 650 peci< (R ven, 1988). An
abundant and detailed information base for the

family has been generated already using morphol-

ogy, anatomy, chromosomal features, and flavo-

heinistry. Ongoing systematic studies using

proteins, nucleic acids, and formal cladistic anal-

yses that complement the information already

available are making the Onagraceae the best-stud-

ied plant family of their size (Raven, 1979, 1988).

Given the large information base generated from

the more "classical" systematic approaches on On-

agraceae, phylogenetic analyses using proteins and/

or nucleic acids are especially applicable to the



study of rclatKH > . " lagraceae. First,

detailed i

•
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• ii i > .1 >l In." iiirs can be con-

stni< Inl for laxa within Onagraceae. Second, phy-

logeiues result ii n u i i i
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i
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other phenotvpic characters can he compared with

molecular phvlogenies to determine which studies

are providing similar or congruent plr I :•< m
Tins will permit identification of consistently mono-

plr, leln ic i," ei il mdi
|

> a.ietit -Indies. Ad-

ditionally, certain kinds of characters mi -hi he

viewed with suspicion if they suggest rel.il iishij

at odds with those provided by other types ol char-

acters. Third, incongruciK ies found among these

! i I

i

lli
i
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II -iii point to fur-

ther research along either of two lines: (1) a reex-

amination o| sp<-< ilic data -e|- or the techniques

themselves to nlentih possible reasons for the in-

cniignieiicie - (e.g.. nonli nol igoiis i:i ir id- r-. ugh

levels ,,l homoplas\. rapid or iiiu-v *-m rales ol char

acter divergence among lineages, and

tion/introgression); and (2) reassessment of rela-

tionships not previously supported or even suspected

with other available information.

The classic series of studies by Gottlieb and his

associates using the distribution of isozyme-encod-

mg g, ae I ip i '.'in hi- will: u < In lt.h eae (< a.||! a-i,.

1977b; Gottlieb & Weeden, 1979; Odrzykoski &
Gottlieb, 1984; Soltis et ah, 1987) illustrate well

how molecular techniques can be used in this fash-

ion. These studi< s II .n c :< leraied pi • logenelic In

potheses, made comparisons with uiorph. log .11

and c\ lologicall) based phytogenies with which they

oil. -ii dill'ci subsl ili :1b, .

]
« i > .- 1 oi . «: -c « '.I model

I ph] I >gei ••in relationships pics iousb -up.:: :«•,!

initiated several new

h (e.g., genetic stud-

silent nigs, el

warding lines of r

of different isozyme i

progem

species relationships).

In this paper, we use evidence from cpDNA
restriction fragment analvsis and site mapping to

mi O raceae, compare

the e wilh olhei mo!< i ul i i a it: im- phologic II air.

logenetic hvpolhescs. reexamine a number of lin-

eages that are either not supported by molecular

evidence or not supported bv morphological evi-

dence, and finally raise questions that these cpDNA
studies now permit us to ask. Previous cpDNA
phylogenetic studies in C.larkia sect. Symphcrica

(
/<- iiprlasmn) and the genus Hctcrogaura

(Sytsma & Gottlieb, 1986a, b) will be reviewed

nd d " d mil le ii i I »\ \ i \ idem e inliodii. tu\

I'relimiiiarv cpDNA phylogenetic analysis of sec-

tion d ela'ionshp- wiihn, ' -',-;/ /wri wil; :-• !« -rnhr !

nd i nij i. >l 'ili . I ion hi] !i i n\ largelv on

t i 1
1 h. lo iiiiiiii mi niinibei and « lossing

relationships (Lewis & Lewis, 1955), and to rela-

tK ii aips ha .en on gene di.pln M<-:<~ (I iolllieb v\

Weeden, 1979; Soltis et ah, 1987). Preliminary

i p|)\ \ ph\ logenetic analssis of sectional relation-

-!i . ,.nl in / •- -...ill be then presented and

compared with those described by Berry (1982)

and Raven (1979, 1988). Lastly, systematic results

of DNAversus morphology will be reviewed in the

Onagraceae and other angiosperms.

C.lnrkia is composed of approximately 44 species,

most of which are restricted lo ( laliloi ana. but with

C. pulchclla Pursh, the type species, confined to

the northwest U.S. outside California. The C. te-

nella polyploid complex exhibits a disjunct distri-

bution in California and Argentina and Chile. I he

largest section ol I » c« ii/ed by Lewis &
Lewis (1955) is sect. Symphcrica, the valid name

for the former sect. Peripctasma (Holsmger cv

Lewis, 1986). Section Svmp/icr im is comprised

of three morphologically well-defined diploid sub-

sections and the tetraploid subset. /'/ <>«tmta,\ the

latter comprising only C. similis Lewis & Ernst,

winch is believed to he an allopolyploid derived

and Micranthae (Lewis & Lewis, 1955).

Relationships within sect. Symphcrica based on

morphologv and crossing experiments (Lewis t\

Lewis, 1955; Davis, 1970) are illustrated in Figure

I. Subsection Micranthac consists oi one ^t r i< tl \

eil
,

. dll inline species with small, inconspicuous.

and white flowers, whereas subsects. Symphcrica

(three species) and Lnutijlonic (lour species) con

sist of primarily outcrossing species with large,

showy, and colorful flowers. Petals ol subset / an

ti/lnrnc are more or less uniform in color with some

llo'Mng whereas petals of subsecl. Symphcrica

l.milijhrac has t

Isozyme analysis challenged certain relation-

ships within sect. Symphcrica. Odrzykoski & Gott-

lieb (1984) found that the distribution of gene

ill ipli. al " aid -i Ii iji . ii' -.lien, :,-.- for is U/\ mes

of 6-phosphogluconate dehydrogenase ((d'CD) in-

dicated that the plastid isozymes are coded b\ two

loci m all diploid species examined except for two
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Nels. & Macbr. (subsect. Micranthae), and C.

D (sul 5 - a), which have

a single locus coding for the plastid isozymes. In

addition, all spe. ie- < -i' CtniLia have a -iupe locus

coding for the cytosolic isozyme of 6PGD except

for four species of seel. Sympheriea C. epilo-

bioides, C. rostrata, and the other two species of

>ub-.>- I. Sympheriea, C. eylindriea (Je|».) I.em-

& Lewis, and C. lewisii Raven & Parnell (formerly

Spach) Lewis & Lewis).

The most parsin »
|

i na tion for the dis-

tribution of these character states as suggested by

Odrzykoski & Gottlieb (1984) is illustrated in Fig-

ure 2. The duplication- ol rue two »nirs coding

the plastid and cytosolic (>PGD isozymes are an-

cestral in Clark in and retained in the four species

of sect. Symphrrica subsect. Lattti florae: C. bi-

loba (Dur.) Nels. & Macbr., C. lingulata Lewis

& Lewis, C. modesta Jeps., and ('. ditdlevuna

i \i s :i.i i Macbr. The loss of one of the duplicated

i f\o III- 6P< D i orninon ancestor

Sympherica. This cytosolic 6PGD loss was then

followed by the loss of one --I
i du I pi stid

6PGDs in the common ancestor of C. rpi

and C. rostrata. Thus, subsect. S\rnp

paraphyletic with one species sharing a more recent

section than it does with species in its own sul

section. This isozyme-based ph\logen\ elearh cor

tradicts the morphological model in Figure 1 i

that C. rostrata is placed as the sister species t

lb* ill ii i- • • I' i i \ , >idcs rather tha

t I, it i mi. species it closel

hvbri

lifference in results between

the classical and molecular techniques was seen

when Heterogaura heterandra (Torr.) Cov. was

used as the outgroup in preliminary cpl)\ \ anal

ysis of sectional i-elaimn II ;>- in ( Inrkia (see Phy-

logenetic Analysis of Tntersectional Kela • ln|

.nl nC/ri i. / c^iiiira is a monotypic genus

closely related to Clarkia, based on floral mor-

phology, stigma surface, seed coat structure, an-

ther anatomy, and flavonoids (Raven, 1979, 1988;

Tobe & Raven, 1985, 1986; Averett et al., 1982).

a i- a -Ir icllv -elf-pollinat-

ing annual limited to the slopes of the Sierra Nevada

in California and Oregon. It differs markedly from
- in having only four fertile antl -

are sterile), an unlobed stigma, and a round nutlike

indehiscent fruit with one or two seeds. In contrast,

members of Clarkia generally have eight fertile

anthers, four-lobed stigmas (although self-pollinat-
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Figure 2. H< « l-i
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dehydrogenase (Odrzykoski & Gottlieb, 1984). Plastid (P) and cytosolic (C) duplications and losst

by ¥ and -, respectively. Sul deviations. \<>/<

ri'hitioiishi/is hi/! i , isozyme data.

t lobes), and elongated, many-

dehisce along four septa. The

?en the two genera

as separate genera since 1866, when H. heter-

The long-standing idea that fletcrogaura is the

sister group to Clark id was questioned when it

became apparent that rest ri< I ien1 I

of cpDNA indicated that lleterogaura was not

aligning itself as a basal clade to all of Clarkia.

Instead. Ilcli roiidiira e\lnl

with certain lineages within section Si , ,

(Sytsma & Gottlieb, 1986a). Section Symphericd

is relatively advanced in Clarkia based on mor-

phology (Lewis & Lewis, 1955) and on the pres-

ence of a PGI (phosphogluco isomerase) duplication

(Gottlieb & Weeden, 1979). Thus, cpDNA analysis

s i;'-. .,;,•, I
i| .it flc'c/ogaiira was not an appropri-

ate outgroup for Clarkia and, more ini| ria.-nK.

null, ii.-.l that the genus might be derived more

recently from within Clarkia.

An extensive restriction fragment and site anal-

ysis of cpDNA in Clarkia sect. Sympheriva and

•urn heterandra was initiated to address

these discrepancies between the classii il

and tin i. suit

s.-. .!- ..I lh-h >.>^, !>,?> !,••!>•!, in, i<d and t

species of Clarkid sect. Syrnp/wrica were

nated, grown for four to seven weeks, a

DNA extracted using the protocol of Ziri

cies. Only one site differ-

species (C. biloba), and

popnl lion I Id.-I.'i' y/hlnin-, (.i.ii (m-i I. I'/taii)

stoma) and C. amoena (Lehm.) Nels. & Macbr.

(sect. Rhodanthos) were used as outgroups.

DNAs were digested with 29 restriction en-

zyme-., elect rophoresed in agarose gels, ami South

ei n Molted to i ni: ih < irdon i ien ! i :uie, I lie entire

clone bank of the Petunia (Solanaceae) cpDNA
genome was used successively to probe the in Ion

membranes loi liomol >:•>•"!
< |d »\ \ Iran it.- I

><

tailed protocols of prehvbi idi/ation, nick transla-

tion, hybridization, and washes are provided in

Sytsma & Schaal (1985a).
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i (Wagner) tree o/Clarkia sect. Sympherica and Heterogaura heterandra gene

on ofPAUP. The tree was rooted with Clarkia xantiana and C. amoena. Th

two parallel gains, three parallel losses, and one gain/loss. Numbers inc

Ions along each lineage. Percentages along branches reflect the number of
lined by that branch occurred in 100 bootstrap samples. Based on Sytsi

Methods of phylogenetic analysis, explained in

detail elsewhere (Sytsma & Gottlieb, 1986a, b),

included Wagner parsimony (Farris, 1970) (PAUP
version 2.4.0, Swofford, 1985), Dollo parsimony

(Farris, 1977) (PHYLIP version 3.0, Felsenstein,

1985), and the Fitch & Margoliash (1967) phe-

netic approach using p values of Nei & Li (1979).

Felsenstein's (1985) bootstrap method (in PHY-
LIP) was utilized to place confidence intervals on

resulting phylogenies. A majority-

Wagner parsimony tree was used to consl

phylogeny indicating all inf< el \ 1 1

eages determined by bootstrap analysis.

The 29 restriction enzymes use

DNAs recognize approximately 605

in each of the cpDNAs. Because all 29 enzymes

recognize six base pair sequences, about 3,630

nucleotide base pairs were sampled in each of the

species. A total of 119 site changes were docu-

mented within ('!-i! /,/,' -i <
• S ,

,„•!'• i • :, ,: ,u\,\ II, I

erogaura (these restriction site mutations are listed

as table 3 in Sytsma & Gottlieb, 1986b), and 55

not all members of the ingroup (including Hetero-

gaura) and were used as the data matrix in the

phylogenetic analyses (Table 1). The PAUP
(BANDB option) and PHYLIP (MIX option) pro-

grams found a single most parsimonious (Wagner)

tree of 125 steps (Fig. 3). This tree requires an

additional six steps beyond the 119

Wagner tree but is four steps longer. The unrooted

Fitch & Margoliash network based on nucleotide

sequence divergences is topologically congruent to

the shortest Wagner tree (see fig. 4 in Sytsma &
Gottlieb, 1986b).

The shortest cpDNA phylogenetic tree provides

unambiguous evidence for relationships within

Clarkia sect. Sympherica. The cpDNA analysis

substantiates Odrzykoski & Gottlieb's (1984) sug-

gestion that C. rostrata is indeed phylogenetically

closer to C. epilobioides than to its morphologically

related species, C. cylindru <i and C. teicisii. Thoe

of phylogenetic i
I < n I based on gene dupli-

cation data, and they greatly strengthen the utility

of the latter approach in systematics.

Lewis & Lewis (1955) first considered the pop-

ulations now recognized as C. rostrata to be un-

vis (1970) later separated out C. rostrata and



TaBLK 1. Data rnatn.x of >
~> /<••>" ,. :, ; • ,, l\ u < <j mi ! . i i.uulra and the eight s

larkia sect. Sympheri< i
I ned from examination ofC. amoena and C. xan

Utapomorphies are listed The character stale "(>" militates absence of d restriction site and "1"

resence of a site. Details concerning each character are presented in Sytsma & Gottlieb (1986b) .

01000101 1 1000000000000100101 1 1 10001 10001001 1 101010001 10

C. ros/nitti (subsect. Sympkerica)

01000101 1 1000000000000100101 1 1 10001 10001001 1 101010001 10

C. lewisii (subsect. Sympkerica)

0110010100111011001110011000101011100011100000100100110

C. cylindrica (subsect. Sympkerica)

M " HI !
I II

I
o I i"' 'I hi il, up

I 100000100100110

Heterogaura h

1100000110110100010111001001101100000010000100001111101

C. modesta (subsect. Lautiflorae)

1000010010110100010111001001101100100011000100101111101

1

i -.nil- I
I null florae)

1001111010110100110110001011000100101111010101111111001

I h'tahu « .iil^ivl. Lauliffonic)

10011110101 10 Id I KM Q0< I 10100101 11 101010111 111 1001

to C. cylindrica. Moreover, C. rostrata can be The gene duplication and the cpDNA data in-

crossed successfully with the former but not the dicate that the evolutionary events within section

latter (Davis, 1970). Davis concluded that the close Sympkerica are more complex than data based

morphological similarity among these three species on morphological similarity and crossing relation-

of subsect. Sympkerica suggested a commonorigin ships indicate. The similarity between ('larkia rot-

or even the derivation of one species from another. trata and the lineage encompassing C. cylindrica

Clarkia rostrata is found the farthest north in and (.. lewisii strongly suggests that the common
foothills of ihc Sit-ii .1 \<-\ .id i in .-NjiiM.slaus. Merced, ancestor of the lineage comprising these three

and Mariposa counties: ('. Ictctsii is found only in species plus C. epilobioides almost certainly re-

the Coast Ranges in Monterey and San Benito sembled the former three species. Alternatively,

counties; and (.. cylindrica is found farther south strong phenetic convergence in C. rostrata towards

and in more xeric habitats along the foothills of C. lewisii and (.. cylindrica would have to be

the soulln-ni Sicri'.i \c\ad,i and 1 'ehachapi Moun- invoked, ('.la' is clearly closely

tains (subsp. claricarpa) and in the southern Coast related to C. rostrata and exemplifies a lineage

K;iii»i'- (subsp. cylindrica) (see Fig. 4). All of the that has undergone a tremendous amount of mor-

progenitor-derivative species pairs examined in phological divergence relative to other species.

Clarkia have indicated that the direction of evo- Clarkia epilobioides ranges from San Francisco

lution is from north to south or from mesic to more to Baja California and has a disjunct range in

xeric habitats (Lewis, 19t)2; Lewis ^ Koberls. I <).)(); Arizona (Fig. 4). Because of its exclusively inbreed-

Lewis & Raven, 1958; Vasek, 1958; Cottlieb, ing mode of reproduction, but despite its northern

1974). Because ol the northern distribution and (and southern) distribution, it is almost certain that

wide separation oi ('.. rostrata and (.. Icicisii and C. epilobioides has been derived from an out-

crossing taxon and does not represent an ancient

lineage as might (
".'. rust rata and C. lewisii.

CpDNA restriction fragment and site analysis

J clear phylogenetic relationships

four extant species of subjects. \li

1 Sympkerica (Fig. 3). Further studies



I I Clarkia cylindrica

[ ,..] Clarkia epilobioides

iHfj Clarkia lewisii

II,"'."1 Clarkia rostrata

FlGURK 4. Distribution range of the four species in Clarkia

Micranthae. Ranges in California, Arizona, and Baja California c

lewisii, andC. q.iln I 1i„m Leuis X Lens f/'/nj a

olving additional populations from throughout tions n

: ranges of these four species and involving bi- lewisii

-entally inherited DNA (nuclear genome) are

jded to clarify how these species evolved. Ques

ing include: Are C. rostrata and ('..

stral in this lineage? Did ('. epilo-

bioides and C. cylindrica diverge independently

(or together) from that lineage? What evolutionary



forces permitted the rapid morphological diver-

gence in C. epilobioides? Can C. epiloh •,,-!<:,
1

.

crossed with three species currently placed in sub-

sect. S\nif>/irri( <i. imperially C. rostrata?

The most parsimonious tree (Fig. 3) also clarifies

ihe l- I ilnui l>i| • ilhiii ill • « / .'. >i <"'< I 'I

the relationship of Heterogaura heterandra to

Clarkia. The cpDNA analysis verifies the close

relationship dl tl genitor -derivative

species pair of C. biloba and ('. lingula:..- \ I ev. i-

& Roberts, 1956; Gottlieb, 1974). Only six mu-

tations separate the two species. The placement of

C. modesta is the only portion of the phylogenetic

tree that is not statistically documented using the

bootstrap analysis. The cpDNA analysis conclu-

'tiflori

subsection is not ( . The

rhisever, is supported by chromosome

most parsimonious tree indicates that only one

i i< i

|
I .«! decrease from the more widespread n =

9 of the section to n = 8 (only C. biloba and C.

•i >,; < i hi. to be m\.>kr, | The subsequent re-

versal to n = 9 in C. lingulata has been amply

demonstrated.

The most striking conclusion of this phvlogenetic

analysis is the documentation that the genus Het-

, rugaino l- ac'ualh .|ri i
, .

:

' will u I" 'lan'.ic >S\ !:

ma & Gottlieb, 1986a). Indeed, //. heterandra is

placed firmly within subsect. Lautijiorae with C.

<
, lis sistei spei ics. The two species

share nun rpl>\ i - despite the ex-

tensive morphological divergence between the two.

The derivation of //. heterandra from a common
ancestor with ('.. dndleyana is supported by the

next three most parsimonious trees as well. The

e\h erne Moral and li lal rcdia lioi in I leiei ngau: a

relative to Clarkia have masked the close phylo-

genetic relationship of Heterogaura to an ad-

vanced subsection within Clarkia.

Flavonoid analysis of Heterogaura heterandra

I Clan

' • i " i i a " ' igaura flavonoid

profile are also found in the few species of Clarkia

examined (Averett et al., 1982). Besides cpDNA
and nrDNA analyses, therefore, the onlv evidence

lhat ii|>(ioi '•
' relation- h p ol llrira> r am I > [«

cific lineages within Clarkia is chromosome num-

ber. Raven (1979) speculated that Heterogaura,

a species of Clarkia with the san

number." Morphological or cytological evidence.

however, could not place Heterogaura near any

particular Clarkia species because their morpho-

logi< a (In- ergenrr had conipleleK ohsciued the

relationships.

This study raises additional questions that can

or should be addressed in the future: What are the

evolutionary forces that permit such rapid mor-

phological divergence as seen in Heterogaura'f Is

the morphological divergence seen in lh i

di< alive of what might occur frequently m plants'.''

Can H. heterandra be crossed with C. dudle\ ana!

How many genes were necessary to get expression

of the extreme fruit and floral reduction in Het-

erogann:'' Should additional mono and dilvpic

genera be suspected as similar derivations from

lated and more speciose genera instead

ol as sister genera to these genera (the monotvpic

ion and closely related Oenothera, for

example)? Is the relationship of Heteroguuiu lo

Clarkia actually more complex, involving hybrid-

ization !.«! oi til -opn .sioi . an.; llnis the cpl)\ \

i i-s \\<~ «i< si
: il>< ::li-n i.ta «. lipid. bv not al-o using

hipaivMtallv mh.'i iti d ma eai 1 >\ \ .

The last question is particularly important be-

cause other cpDNA studies have yielded unusual

results that suggest !iv hridi/al ion lollovved bv in-

trogression (Palmer et al., 1983, 1985). In these

instances, results trm-M pi >\ \ a:i h, sis ran In- quite

different from results from nuclear |)V\ analvsis.

For these reasons, restriction site mapping of nu-

clear ribosomal DNA (rDNA) has been initiated

within Clarkia and Heterogaura to determine if

i«: -leai l)\ \ i ah -i- pro-, al.-.- p i\ logenetic results

-laiilai to cpl)\ \ a a; II-. Med odologv lor rl>\\

-i ribed in Sytsma & Schaal

(1985a). One prelin

*tly

Heterogaura

site map for rDNA in Clarkia is shown in figure

5. S.st /fragments b and e are conserved across

the four genera of Onagraceae examined frag-

ment a, however, is found only in species of Clarkia

sects. Sympheriea (C. biloba, C. lingulata, ...

leunsii), Phaeostoma (C. xantmna), Fibula (C
bottae), and H< • ndra. The Sst I

site in the 18S gei Irs li i^nnil a is

ahsent in other sections of Clarkia and in Oeno-

thera and Lopezia. These Clarkia and other gen-

era thus lack fragment a and instead have a large

Sst I fragment that encompasses fragment a, the

f8S gene, and an undetermined portion of the

I i transcribed spacer region (NTS region in big.

"•;
« hi

|
i I I i ii •

.
> tatheta and Lo-

pezia) would indicate that the absence of the Sst

/site in the 18S gene (and thus absence of fragment

a) is the plesiomo- pin. condition This preliminary
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nuclear rDNA evidence confirms that I let, .
, .»«// / <•

is indeed derived from within the genus Clarkia

because the former shares a synapomoi \

>'<; .11

sections S\//i/>hrn'( a. I'harostuma. and Fibula,

sections ol (Jar/no now believed to be related based

on gene duplication data (Gottlieb & Weeden, 1979)

logenelic \nal\sis of Inter-ectional Kela!iori-lup-

within ('larkia).

A word of caution should be noted here con-

cerning the phylogeneti i of a single molecular

character as done here with rDNA. One could

argue that nuclear rl)\ \ evidence for the place-

ment of Heterogaura within Clarkia is based solely

on a single restriction site character thai !

hoino|il;i-\ . Clarkia inslrata ha- lost (lie Sst /-lie

that is found in other members of sect. Sympher-

ica, even though lh ! pi 10 Da 1

1970), isozyme gene duplic is (0

Gottlieb, 1984), and cpDNA analysis (Sytsma &
" rollhek II '>H(<b: 'iillll-. ,iji| 01 1

- 1- mln-ion m seel.

I Ims. < losliata lias losl the Sst I

site sec lanK. Doe- tin- homoplasy involving C.

rostrala east doubt on the relationship ol lletero

gaura to Clarkia using nuclear rDNA? No, be-

cause the loss of the Sst 1 site in C. rostrala (thus

produ. nig llie plesioniMi-pinc eha racier slate) is a

statistically likelv gain loss type of convergence

(Templeton, 1983). On the other hand, there is

in Heterogaura is also due to convergence rather

nn ( 'larkia. Such a convergent restriction

site gain is an order of magnitude less likel\ to

occur than a convergent loss or a gain loss (Tem-

pleton, 1983).

Km \iio\>iiirs within Ci i

The monograph of Clarkia by Lewis & Lewis

(1955) was a landmark studv in classical biosv-

tematics. Prior to their work, Clarkia was divided

into a number of distinct genera (Clarkia, Godetia,

mi. . \l< ll-IV.

population collection- 111 winch thc\ cxamii d ll< il

and vegetative morphology,

and crossing rel

able to define eon-, 111.11 J,

Relationships among the seven predominantly

diploid sections, as viewed by Lewis & Lewis ( 1 955),

are depicted in Figure 6. Ancestral clarkias were

viewed as having relatively large, lavender-pink,

howl -haped Igodc'ia h |« ) Mow* ;
- wills pet In irk

ings, being self-compatible but outcrossed. pos-

sessing the chromosome number n = 7. and has nig

a northern distribution (Lewis, 1980). Evolution in

Clarkia has occurred primarily from north to south

and in, iobei le\e!o| incnl of Moral tubes (sei Is.

11 ' '.'I. e\|eil-l\e M paltei iilllg

of the ehroi 1 1
|

1 1
I

creases and decreases from the primitive haploid

number 7 or polyploidy (all sections), and formation

ol an'., anions breeding systems (main -»- lions).

The large classical information base loi t.laikia

and ihe spectacular evolutionary change- lint arc

seen in the genu- have made il a model sv-lein for

subsequent evolutionary studies (Lewis, 1980;

Raven, 1988).

Recent isozyme analysis, however, has chal-

lenged ivi la n a' p< et- < ! ill. plr, logen\ proposed

on morphology, chromosomes, and crossing stud-

ies. Gottlieb & Weeden (1979) provided evidence

PG1

four diploid sec-

>stoma. Fibula, and Fu-

placed together by Lewis

& Lewis (1 955), as a monophylctic lineage. Indeed,

seel. I'm haridium. with its distinctive stamen re-

in. 1 on. eloi ga-i i if ira I il e.
;

... > . n Icaliuc- (Small

et al., 1971), and lepidopteran pollination syn-

drome, represents the greatest morphological di-

vergence from putative ancestral clarkias (Lewis.

!
1

- _
1 1 1 . 1 1 1 \ was re-

suspected of being involved in the intersectional

derivation of the polyploid C. pulchellu (Lewis iS.

Lewis, 1955). The weight of this molecular evi-

dence led Lewis (1980) to accept the argument of

Gottlieb & Weeden (1979) and to propose the

illustrated in Figure 7. An analvsis was

initiated using restriction site mapping ot «p|)\ \

I mi 1 ii'i".-.. "i';i>. >-- ol lh< diploid sections to test

t Ian Pn ;<

logenetic results from this analvsis; a 11101

phvlogeiielic analvsis on an expanded 1

in progress (Sytsma et al., in prep.).

.The,
iiialne— of ('larkia has been commented on by

MATERIALS AND MF.TH(

subsequent researchers (Raven, 1979, 1988) and Total DNAs of twe

d< n ai 1 rati il on moleenlai j-ro m<l- ( I'iel;. r. k\ A diploid sections (one i

Gottlieb, 1983). ula) were obtained af
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Figure 6. Relationships

i . U>gy t chromosome

I, - m. moilih <>'
. f! Lewis & Lewis (1955). (Rho-

umoena and C.

wis & Lewis (sect. Rho-

',,,•,,) i ... '. ((ltd Lewis & Lewis and C.

inlliamsomi (Dur. & Hilg.) Lewis & Lewis (sect.

Godetia), C. mildrediae (Heller) Lewis & Lewis,

and C. virgata Greene (sect. Myxocarpa), C.

h'i u - " I,m ) < .m i i . inr f < .• m ,. I i < I A

Mey.) Greene (seel. Kuchandium), (.. xantianu

and C. unguiculata Lindl. (sect. Phaeosn>o->t). t

bottae(sect. Fibula), and C. biloba and ( .'. rostra/a

(sect. Sympherica).

Preliminary surveys of restriction fragment vari-

ation using methods described above indi< ;il<-d

substantial amounts of site mutations and length

C/arJfcia. The amount of both types of variation

was so high that even the small portions of the

chloroplast genome examined with individual probe

often exhibited fragment patterns too complex to

interpret accurately. Numero
) decide what were homol-

lcreased frequency of mul-

n fragment often generated

rnzMiii'.-..

ion fragn tit [ r n of

numerous enzymes, was selected as the method to

examine the phylogenetic relationships among sec-

tions in Clark in I 'In m I I i evolves reciprocal

double digests to map exactly an enzyme's restric-

tion sites relative to sites of other enzymes. Al-

though this method is more laborious and less pro-

di,c lr. c ii Irrn - ol mi:nhrr- <»l tiutal icnb -cri'ciied.

tions made it difficu

ogous fragments

tiple mutations ii

Figure 7. R> •

. ,,!, .1 ! '.,! ._>, ;,C ,' '//' :,.:,,.:,. ><:.: ; . , h >. n ,.:',',., : •limit:, > :

in i ! > < >. I'ln v

modified after Lewis (1980).

the method produces precise cpDNA maps for

groups in which variation is often too great and

interpretation of homology too difficult I simple

. l f pattern analysis. The restriction enzymes

Pst I, Sal I, Sma I, Kpn I, Pvu II, Xho I, and

Nru I were used to digest total DNAs alone and

in double digests with at least two other enzymes.

, i lilters were successively probed with the

entire ^ tunia clone bank (courtesy of J. Palmer

& E. Clark), portions of the Lactuca clone bank

(courtesy of R. Jansen), and rbcL and B subunit

atpase gene clones (courtesy of G. Zurawski). Map
positions for these probes are illustrated elsewhere

(Sytsma & Gottlieb, 1986b, fig. 1). Alignment of

the maps was facilitated by the conservative nature

of the chloroplast genome (Palmer, 1985a, b,

1986a, b; Palmer & Stein, 1986) and of specific

n->tri< -t ion sites, especially sites of Pst I within the

rbcL gene and /' s
I

i i
)

genes of the inverted repeat (Sytsma & Gottlieb,

1986b, and J. Palmer, pers. comm.).

Phylogenetic analysis utilized Wagner parsi-

mony (PAUP) to derive the most parsimonious

trees. Because Hrtrmgauni is no longer an ap-

propriate outgroup to Clarkia, Oenothera (tribe

Onagreae) and Epilobium (tribe Epilobieae) were

examined. Oenothera biennis, currently m;i|>|in;

(Sytsma & Smith, unpubl. data), is not an appro-

priate outgroup even though it is placed within the

inversion in the large single copy region of the

chloroplast genome. Epilol

Presl(=£. paniculatum Nutt. ex Torr. & A. Gray),

although placed in a separate tribe, was used as



rABLE 2. Data matrix of 23 restriction site characters for representatives of the seven diploid sections of

rkia (13 species) and one outgroup ( Epilobiurri) . No autapomorphies are listed. The character state "0"

'icales absence of a restriction site and "1" indicates presence of a site. Details concerning each character

I be presented elsewhere (Sytsma & Gottlieb, in prep.)

.

/.•>,'..-,'.. •.,,!
, 1

1 /./;/.'' ,' ,.' / •-' ,V, .,-,',, ."> ,/)

C. rostrat a (sect. Sympherica)

C. xantiu na (sect. Phaeostoma)

C ungmt ulata (sect. Phaeostoma)

»ct. Rhodanthos)

\l\ ..;• ,;//.-,')

000010000001110

000010000000000

000010000000000

000011100100000

000010000000000

001011000100000

ooi oooo
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000010011001111

000010011001111

000000000000000

000000000000000

100110000000000

r of autapomorphies wei

option CONTREE.

ANALYSIS /

Restriction site maps of cpDNAs from the seve

section- of ( i'lii.ui ami 1 1 • 1 1 , I';,;!",'"!/!!! hnui,

carpum are presented elsewhere (Sytsma et al., i

prep.). The seven restriction enzymes mapped t

date recognize ± 100 sites on average in eac

cpDNA. This represents 0.4% of the total nucle<

tiiii
- «: iitice of each cpDNA. A total of 51 n

(i-ir- <\ miined. An additional 14 sit

mutations were found in Epilobium relative to a

< In ' l>nt these are not further analyzed her

he. .ui-.i- tiii-s do ii,. I ,-i .
. .! idiliiu ti: ! till i :i alio

roticci-iniiu I''I.iIhmi-Iii|- .miuii^ ( lam:,) -i-i lion

they are being used in a family-wide phylogeneti

analysis (Sytsma & Smith, in prep.). Of the 5

!:< ni< ally informative; that is, they are share

by at least two but not all of the OTUs. The dat

the

analysis. To simplify

from the phylogenel

cvamiiK'd makes up Table 2.

were included in the PAUP
the phylogriietic analysis I'm

-

though £

The Wagner analysis using option BANDBfound

201 most parsimonious trees of length 32. With

the autapomorphies included, these trees have a

total length of 60 steps and a consistency index

(Kluge & Farris, 1969) of 0.850. The strict con-

sensus tree derived from 100 of these most par-

is illustrated in Figure 8A. The

1 (15%) of homoplasv in the Claihui data

en & Palmer, 1988, pers. comm.)

couldbedueinpartto(l)multi|.|i( lian-i- l„-H\r.-ii

tli*- out^riiiip /'!>;!<>!>•!.':;; mil ill-' iiujioup ( ,'///..'</.

(2) the more rapid divergence of cpDNA in the

strictly annual Clarkia, and or (3) the greater age

of Clarkia relative to the Asteraceae. The first

made in the determination of the plesiomorphic

character state. Two additional PAUP analyses

were thus performed: (1) scoring the pi. si morphi<

state of characters involved in multiple changes

from outgroup to ingroup as unknown (< Ii.u.k ters

1 and 2 scored as missing in the outgroup in this

instance) and (2) removal of the outgro .

and use of midpoint rooting. Midpoint rooting can

clearly only be justified if rates of character change

throughout lineages are nearly equal. • h- iii

evolution of chloroplast DNA could not be statis-

tically rejected for Clarkia sect. Sympherica (Syts-

ma & Gottlieb, 1986b), thus lending support to

the use oi midpoint rnulnij: uillan CunLiii. Scoring

the outgroup state of characters 1 and 2 as missing

and allowing PAUPto determine the plesiomorphic

homoplasy was reduced 1



gences in each tree (58 total steps including autapo-

morphies, C.I. = 0.879, 12% rate of homoplasy).

Removal of Epllobium completely and resorting

to midpoint rooting resulted in 15 most parsimo-

nious trees, each five steps shorter than trees gen-

erated with Epilobium present (55 total steps in-

cluding autapomorphies, C.I. = 0.927, 7% rate of

homoplasy). The strict consensus tree of these 15

trees is depicted in Figure 8B.

Phylogenetic relationships among sections of

Clarkia as depicted in the consensus tree of Figure

8A suggest that sect. Godetia is monophyletic and

the sister group to the rest of Clarkia. The early

divergence of sect. Godetia is also seen when Epi-

lobium is removed as an outgroup and midpoint

rooting is performed (Fig. 8B). Section Godetia

consists of diploid and polyploid species similar in

many respects to sect. Rhodanthos and, according

to Lewis & Lewis (1955), almost certainly derived

from the "primitive" Rhodanthos and not clearly

related to any other section. Several morphological

buds and rachis and the conspicuously eight-ribbed

ovary, are found in portions of sect. Rhodanthos

(Lewis & Lewis, 1955). Derivation of sect. Godetia

from eletnrnts within sect. Rhodanthos is consi.s-

diploid species of sect. Godetia apparently have

evolved with increase in chromosome number from

n = 7 (found in sect. Rhodanthos) to both n = 8

and n = 9 (found in sect. Godetia). Further support

for this early split of sect. Godetia comes from a

preliminary cladistic analysis of 38 characters en-

compassing morphology and isozyme gene dupli-

cations, which places sect. Godetia as the sister

group to the rest of Clarkia (K. Holsinger, pers.

comm.). It is possible that sect. Godetia was indeed

the first lineage splitting off from ancestral clarkias,

but it also appears that this ancestral group, per-

haps now encompassing sect. Rhodanthos, con-

tinued to evolve and subsequent^ split off the other

sections. A larger survey of species within sect.

Rhod mthos would be needed to detect the pos-

sibility that this section is paraphyletic, with dif-

ferent element^ ; ndently to Gode-

tia and to the other sections. This scenario is

implicitly suggested by the phylogenetic model of

Lewis & Lewis (1955; also see Fig. 6) and by the

distribution of phosphoglucomutase (PGM) gene

duplications (Soltis et al., 1987).

Relationships within the second lineage com-

prising the other six diploid sections is not clear,

8A). Of these six sections, all but sect. Phaeostoma

are monophyletic lineages. Clarkia xantiana and

C. unguiculata (sect. Phaeostoma) consistently do

, -,-. < Liku .' ,i • ! ." !,!;, •••: -.i l>\ I

i..i./„, ..,„/ ,v /.•-,../ ;,.,',; r a r ,/.»/

most parsimonious trees.— B. This phy-
' f'.,,-.

>' •;, "',- ,',//-' ,.' .'-'.; s< ' .,' ,',.-- I" |'i-

i PAUP,, ruotnl usinfi th, V r<)l\

and using 15

not form a monophyletic clade in most of the 100

most parsimonious trees examined in detail (data

not shown). Indeed, C. xantiana often is aligned

with C. bottae of sect. Fibula, whereas C. ungui-

culata often is aligned with C. biloba and C. ros-

Iratil <>l itI S", ...•:/./,. lira T!ii'-.r rckltion.- hi|>:- -H-.

seen in the consensus tree when the outgroup is

omitted (Fig. 8B). Lewis & Lewis (1955) postulated

that C. bottae (formerly C. deflexa), the only species

of sect. Fibula, represented a diploid hybrid be-

is true, the maternal genome of C. bottae most

likely came from a species similar to C. xantiana

of sect. Phaeostoma and not C. unguiculata as

postulated by Lewis & Lewis (1955).

The proposed monophyletic nature of sects. Eu-

charidium, Sympherica, Phaeostoma, and Fibula

based on the presence of the PGI duplication (Gott-

lieb & Weede
ported with the f cpDNA



•<>U|>. including (>U spec ics ol sec I f'liclisia (Inn in His

dan- paniola), 14 species of sect. Hemsleyella, 8 species

thos and V/v.vocn i i i pi. mmt Kicr.se file-

node (Fig. 8A). However, when Fpilobiuni is re- geria, ami an undeseribed monotypie section from

moved as an outgro rooting is used, northern Peru. Twelve species of sects. Kllobium,

Godetia and is separate from the other three sec- Mexico and Central America. The four species of

tions with the PCI gene duplication (Fig. 8B). sect. Skinnera are found in New Zealand (3) and

IV n .irv nuclear rDNA evidence supports Tahiti ( I ).

the separation of sect. Eucharidium from sects. Most lines of evidence point to an origin of

Syniphcriea. I'h< ' Fuchsia in austral temperate forests of South

earlier, sects. Sympheriea, Fhaeostoma, and Fib- America in Paleogene times (Berry, 1982; Raven,

ula share a synapomorphic gain of an Sst / site in 1988). The species of the large South American

the 18S gene of nrDN A (Fig. 5). Section Eueh a- sect. Quelusia, restricted to the mountains of

ridium retains the plesiomorphic condition also southeastern Brazil, with one species in Chile, pos-

found in sects. My.xocurpa, Godetia, and Rho- sess the largest suite of generalized characters in

dauthos and in Oenothera ami l.opezia. This rl)\ A the genus and may represent the extant section

site mutation could also be argued as arising within mosl similar to ancestral fuchsias. These characters

a monophslelic lineage of the four sections hut include shrubby habit, bisexual flowers, well-de-

after the split of sect. Eucharidium. veloped petals. bml pollination, numerous seeds,

An obvious problem that is apparent with the and segmentcd-headed v iscin pollen threads (Skvarla

Clarkia cpDNA data set is the low number of et al., 1978; Berry, 1982; Nowicke et al., 1984;

synapomorphic characters shared by two or more Averett et al., 1986; Raven, 1988). Raven (1988)
sections. A rapid and early divergence of most of postulated that E. lycioides Andr. (sect. Kier-

the sections within Claikiu could aeeounl lor the schlcgaia) is related to sect. Quelusia, based on

relatively low numbers of phvlogeneticallv infor- their polyploidy and temperate South American
mative site changes encountered among sections. distribution. But F. Ivcioides has a number of

The slowly evolving chloroplast genome would not derived characters, including its dry coastal scrub

be expected to exhibit numerous changes in the habitat, summer deciduousness. functional dioe.\

.

short time intervals when the sections shared com- small flowers, few seeds, and smooth viscin pollen

mon ancestors. Comer -el\. >i cpl)\ \ sequence threads.

changes would be expected in the long time periods The first offshoot in Fuchsia probably involved

after most sections had already diverged. Addi- the lineage that dispersed to New Zealand and
tional restriction enzymes that recognize low num- subsequently Tahiti (Fig. 9). This lineage, now com-
bers of sites in cpDNA (ligl I, Sst /. for example; prising four species in seel. Skinnera, separated

see Palmer, 1986a) are now being examined for from the rest of Fuchsia at least 25 million years

\anation within I'luil.iu. \ddilional analyses are ago since fossil pollen ha- been recorded in late

also under way to examine individually the sets of Oligocene and early Miocene deposits from New
most parsimonious cpDNA-derived trees for the Zealand (Mildenhall, 1980; Daghlian et al., 1985)
number in each tree of unlikely convergent gains and eastern Australia (P. Berry, pers. comm.).

gent losses and gain losses (Templeton, 1983). A nus, with the advanced conditions of male sterility

subset of more likely trees (i.e., with fewer con- (Godley, 1955), reduced petals, and varying life

vergent gains or loss gams) might then be found forms that include a tree, a seandent shrub, and
to demonstrate more rigorously phylogenelic re- an almost herbaceous creeper,

lationships within Clarkia. Other early dispersal events probably included

the ancestor to the morph<ilogicallv related sections

PHYLOCENETICRELATIONSHIPS AND Encliandra, Jimenezia, and Schufia of Mexico
DIVERGENCEWITHIN Ft CHS1A and Central America (Fig. 9). These sections share

INTRODUCTION
unusual characters of small flowers, smooth viscin

pollen threads, male sterility, and lobed adnate
Fuchsia is a genus of 102 species belonging to nectaries (Breedlove et al., 1982; Berry, 1982).

ten sections (Berry, 1082; Raven, 1988; Berry et These three sections are so distinctive that it is

al., 1988). Most species of this genus of outcrossing difficult to relate them to their South American
shrubs and some trees occur in South America, relatives (Raven, 1988). The two most soee.osc
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sections, Fuchsia and I Icmslcvclla, occurring

most « i i !<•[. ol ih in vical Andes, most

certainly evolved rapidly as the Andes uplifted to

their present height over the past few million years

(Berry, 1982; Raven, 1988). The fourth Mexican

and < ienlral American section, Fllahiiini . is related

to these two Andean sections and represents an

i and probably Neogene dispersal event

of Fuchsia northward (Fig. 9).

Flavonoid anal . : ofm > Fuchsia species have

provided useful information concerning evolution

within the genus (Williams et al., 1983; Averett

& Raven, 1984; Averett et al., 1986). Flavones,

otherwise rare in the Myrtales (Gornall et al., 1979),

are found in Onagraceae only in Circaea and Fuch-

sia. The presence of flavones is presumed to be

ancestral in Fuchsia, since they are found in all

dens «i| -. . I / ',,'!>,',". ri lie m itii.ii « / , , ,

Unci

Fuchschlegeria,

(Averett et al., 1986). The presence of sulfated

flavones only in sect. Skinnera again emphasizes

the distinctiveness of the section within

(Williams et al., 1983).

A chloroplast DNArestriction fragment and site

analysis was begun in Fuchsia to look at a number

of systematic and evolutionary questions in the

SI,- itinera he shown to have di-

l>\ V divergence

data indicate large genetic differences among the

four species of the Old World which exhibit ex-

tremes in plant form? Are sects. Quclusia and

Kierschlegeria, which are polyploid and inhabit

putative ancestral biogeographic habitats, closely

related? Does cpDNA analysis support the mono-

plivletic orii.Mii of seels. Fncliandru. Schufia, and

Jimcnczia from an earls dispersal e\eut? I )oes the

Central American section Eltobium relate to the

Andean sects. Fuchsia and llcmslc\ clla in a phy-

: sense? What are the closest relatives of

ntly discovered monotypic and tuber-bear-

mi' section from western Peru? Initial surveys of

cpDNA restriction fragment variation in represen-

tatives of all se« tioti-. |i nl .i i il lot; i i i

are presented here.

Total DNA from 16 taxa of Fuchsia was ex-

tracted from leaf tissue as descril>ed above. Rep-

resentative species from the sections in Fuchsia

included F. excorticata L. f. (sect. Skinnera), F.

jimcnezii Breedlove, Berry & Raven (sect. Ji-

mcnczia). F. arhorcscens Sims and F. paniculata

l.mdlevCsecl. Schufia). I th yniifolia H.B.K. (sect.

Fncliandra). F splenica Zu.r. (sect. Ellobium),

F. Ivcioidcs Andr. (sect. Kierschlegeria), F. ma-

gellanica and F. regia (Vand. ex Veil.) Munz (sect.



Table 3. Data matrix of 46 restriction site characters for represer

Fuchsia and F. pachyrrhiza of the new monotypic section from westen

derived from both (In .

of a restriction site and "1" indicates presence of a site.

0010001000000101 1000001010001 100000001

:

Fuchsia splendent (sect. Fllobmm)

0010001001000001 1000000010001 100000001

:

F. thymifolia (sect. Encliandra)

00000 1 1 00000000 1 1 0000000 1 000 1 ooooooooo

:

F. boliviano (sect. Fuchsia)

00 100011 0000000 1 1 0000000 101011 0000000 1

]

F. nigricans (sect. Fuchsia)

00 1 000 1 000000000 1 0000000 100011 0000 10011

F. verrucosa (sect. Fuchsia)

00 1 000 1 00000000 1 1 0000000 100011 0000000 1

]

F. tillettiana (sect. Hcmsievcila)

00 1 000 1 000000000 1 0000000 100011 00000

F. jimenezii (sect. Jimenezia)

oon loioooioon ii loiiiioiooin nooo:

F. lycioides (sect, kiersehlcgerm)

001000100001 1001 100000001 ioooiooioo:

F. magellanica (sect. Quelusia)

00 1 000 1 00000 100110100000110001 00000

F. regia (sect. Quelusia)

00 1 000 1 00000 1 00 1 1 0000000 1 1 000 1 ooooo

:

ufia)

] [OOIMKKMIMI

F. paniculata (sect. Schufia)

00 1 000 1 00000000 1 1 0000000 1

1000

1 1 1 000 1 1 0000 1 1 000000 1 1 0000 1 1 0000000

F. pachyrrhiza (sect. Pachyrrhiza)

(00001100000001000110000000

0010010

0010010

IHlUMMli

1010010

00101001

10010010

10010010

10010010

10010010

10011010

-,' Mm,/ (-,-, t. Ih-mslvM-l-

la), h holirinna Carriere. /•'. nigricans, and /•'.

rerun <>s<i II. n I m<l / p,„ I, \

rrhiza Berry & Stein (sect. Pachyrrhiza).

Hunt III. Fen HI. Pru II. lifil I. Kpn I. Ps, I.

Sma /, Sal /, Bst Ell, and Sph /). Filters were

•1 '

'
• - probes that cover

only the large single copy region. Phylogenetic

analysis followed procedures described above for

the analysis of cpDNA variation within Clarkia

sect. Svmp/irrirti. Tularin of restriction site

changes was determined front cpDNA maps of
'

i i lost of the sites

for these eleven restriction enzymes have been

determined (see above). Restriction frapw i-l >

terns were examined in these outgroup genera for

enzymes not completely mapped. Wag-

analysis (PAUP) was

surveyed. Only nine of these mutations are shared

by at least two but not all species of Fuchsia

examined and thus are phylogenetically informa-

tive (Table 3). Nucleotide divergence within Fix h

sia is high, with p values ranging up lo \.W", .

Fuchsia jimenezii (sect. Jimenezia) exhibited the

most site divergence, followed by E. c.m<>, inula

(sect. Skinnera). PAUP analysis generated over
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!„U. -i)

0.94). Inspection of the 1

ory by PAUP showed

r group

t

(2)

eps (C.I. = ancient split and long evolutionary divergence of

led in mem- se< 5 l 'ported by the presence of 30-

eages were null <'
'

j

>l!en, the spectac-

of Fuchsia: ular morphological divergence within the section,

. Skinnera with sect. and the presence of sulfated flavones.

The large cpDNA divergence evident in the

monotypic sect. Jimenezia relative to all sections

is surprising and merits further research. Based on

floral structure and reprodix li i i t i> i / *
',

sia jimenezii has been suggested to occupy an

intermediate position between the Central Ameri-

can sections Encliandra and Schufia (Berry, 1982).

The large cpDNA divergence between sect. Ji-

ttirm zia and -e. I- / ;/. // i -
I

v
I- llni

contrary to results from floral characters. Berry

Jimcm ::<i. and (»} -erf. (nnct.cziii. Ins|ierij<ifi <!

all 100 trees by the CHGLIST option in PAUP
further indicated that all trees in categories (2) and

(3) above required an additional unlikely conver-

gent gain or loss /gain (see Templeton, 1983). This

(.mergence is not found in trees in cat-

egory (1). A consensus tree was obtained for all

the trees not requiring this unlikely convergence

and is depicted in Figure 10. This preliminary mene

cpDNA restriction fragment analysis indicates that contr.

most mutations encountered (39 out of 49) are (pers.

autapomorphies. Kcl.n > i hip jm.o.'iu tiou In I

on the available ph\logen< i< dh inl< i n li liim

cpDNAdata are thus tentative and subject to change on pr

in the ongoing phylogenetic analysis of Fuchi

The. ee indicates thai the Old \

the monotypic Central /

temperate

..I her /•',•/./,

3 presumed £

South Amei The

s/,,. 'i a- the sister group to all

In I tig Jimenezia I his

e synapomorphy for all sec-

tions excluding Skinnera. As indicated above, the

ppear to have evolved several

the genus Fuchsia based

on preliminary cladistic analysis of floral and veg-

etative morphology. The di^ta n i - ui?ionstii| ill' se I.

Jimenezia to these two other sections, as suggested

by the cpDNA cladistic analysis, indicates that

substantial morphological convergence is indeed

present in Fuchsia. Again, additional cpDNA data

are needed to determine more firmly the position

of /•'. jimcrirzii within Fuchsia.

The remaining eight sections of Fuchsia share

three synapomorphies, hut relationships among

nary cpDNA consensus tree in Figure ]

distinct lines diverge early: ( 1 ) a lineage c



sects, kierschlcgcriu and .{hiclusia, which is de-

fined by three synapomorphies; (2) sect. Ilcmslcv

lues; and (3) an

unresolved lineage comprising five sections (Schu-

Jia. Fiicliatnlra. Fuchsia. Fllohium, and Pachy-

rrluza). defined In one homoplasious site mutation.

The lack of substantial numbers of cpDNA site

} j 1 I linking any of these sections (ex-

cept for Kins, ;.'!,.,' •,> and Uuclusia) is very

Mlt-'L'i -'l'..- 1 1 1 vi I lln L'.-n.i / ».', hsia diverged rap dl\

inii i] hi ' I!-- Ihe earl\ separation ol seel.

Skinnera into the Old World and sect. Jimenezia

into Central America. Indeed the

e\;unined from seel, /'i/r/isia do not

rnonopl < lelic Imeaile uillim the stri

tree depicted in Figure 10.

The close phylogenetic relationship of the tem-

(Juclusia is supported b\ cpDNA restncti s IniL

ment analysis. These two sections have already

been suggested to be closely related (Raven, 1988),

despite the unusual derived vegetative and floral

characters of /•'. I\rmi<lcs of sect. Kicrschlegeria.

The lack of resolution among other sections of

not provide mmh den. < loi oi i i I h<
|

i

vailing phylogeny. The phylogenetic relationships

of the new sect. Pachyrrhiza from Peru to other

Fuchsia sections also are not resolved. I I . . si

1956) and isozymic evidence (Gottlieb, 1974).

Large chloroplast DNAdifferences among sections

of Clarkia are consistent with the result- of cirK

vsork. mgues I mi; d.al ll'< :'« uns. ;di lion a.ii i ;ili.i;il.

tinctive sections (Lewis & Lewis, 1955). Likewise,

the preliminary cpDNA analysis in Fuchsia pro

vides evidence in support of the early divergence

of the Old World sect. Skinnera, an event also

suggested by morphological and phytoehemieal

However, each of these separate cpDNA studies

i th« Onagraeeae also provides strong evidence

that DNA and morphology can result in different

phylogenetic conclusions. The DNA results place

Clarkia roslralu with the morphologiealK dissim-

ilar C. epilobioides rather than with C. Icnisu and

C. ( vlindrica, species with which C. rostrata is

barely distinguished morphologically, an unex-

pected :vh;I| -upporled b\ isozyme e\ ideuce (( )d-

I i \ i ih I

>"
II .-'i more uneypo. ted

is the discovery that cpDNA characters, as well as

:in< le.u i DNA characters, provide compelln . «•
i

i I the men uu \> At luall\

derived within Clarkia and has C. dutllc\ana as

. This arlv

iddilion .1 repie-.ei l.ile. i>,i| / ;.-, iissa are currently

be mil ill ve\ ed w lh la! Lei numlx t> of restriction

enzymes and with an entire cpDNA clone bank to

maximize the numbers of site muta tions tor phv-

logenetic analysis. However, if most sections of

Fuchsia did indeed diverge quickly

the same time, as suggested h\ tin- 3 study, there

istically useful

numbers of cpDNA synapomorphies. A preliminary

cladistic analysis of niorpl •>! >li> a nd cytological

characters in Fuchsia likewise dern ,onstrated the

early divergence of sect. Skinncia ; ind also failed

to resolve relations!, a m iil ih< >< mainirig \ev\

World sections (P. Berry and J. Crisci, pers. comra.).

Chloroplast DNA restriction site comparisons in

the Onagraeeae have substantiated mam relation

hip- has. <; on in- u
[

in loe.v e ;. Iolog\ . and exper-

imenlal crosses Most relaliouships in Clarkia sect.

Sympherica are congruent with the earlier result-,

of Lewis & Lewis (1955) and Davis (1970). For

example. Mibseet. I ant i ll<n uc is shown to be a

natural lineage, with C. fingulata and C. hiloha

as a close sister species pair, supporting morpho-

i.|d • lh i li t inoi
[

h .1 nil I lilleiein is |ie

tween the two genera involving taxonomically im-

portant floral and fruit characters. The cpDNA
anaKsis of Fuchsia indicate- that / . jiiwuczu is

one of the most ancient lineages within the genus

but provides no evidence for a relationship of F.

juncnczii to sects. Schujiu and kncliamli a, -ec-

hi'i : with whi( h it shares several domed eharae

A survey of published phylogenetic studies using

Mil. .'..;. I; I DV\ in angiospernis is presented in

Table 4. Although a number of these studies en-

. oimlered i i;eonaruil\ between l'ie I el lion hip

generated with ep|)\ \ a id « .hologs . cm-nif;

studies, or isozymes, main ol the studies have

found al least some instances of incungruitv . Var-

ious explanations for these discrepancies are pro-

vided m these -tinh.-s- (|) morphology or repro-

ductive isolation may not be good measures of

'I' lo '< ueti relate. „ i ) hi,. phenetie

rather than cladistic studies of morphological vari-

morphological or geno-

: ( 1) .

(5) <

plasmic exchange through introgressive or second

Ik - in . pi A V -Indies

of linissn a and Pisuin (see fable I !. < v |..pla-niie
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Comparison of chloroplast DNA
sus morphological, cytological, <

in .•/«>/«." nctic studies within

. Studies indicating congruence

A. Citrus (Green et al., 1986)

B. Coffea (Berthou et al., 1983)

C. Cucumis (Perl-Treves & Galun, 1985;

Treves et al., 1985)

D. Linum (Coates & Cullis, 1987)

F. Solanum (Hosaka et al., 1984; Hosaka,

Ogihara, 1983)

H. Zea (Doebley, 1987;

such as morphology, are 'wrong' when the two d<

not happen to agree are unwarranted without fur

t/in *>•• sfiiialit
|

ii li<> >> .led]. If, however

further investigations using alternative genetic o;

molecular met In i i o\ ide results con

Palmer, 1987, 1988)

B. Clarkia rostrata and C. epilobioides (Sytsm;

& Gottlieb, 1986b)

C. Daunts cupillifolius and D. carota subsp. sa

tivus (DeBonte et al., 1984)

D. Helianthus annuus and H. bolanderi (Riese

berg etal., 1988)

K. liclcioraiiia hctciiuulra and l.litrkiu diutlc\

«na (Sytsma & Gottlieb, 1986a)

F. Hcuchcra mirrantha (Soltis et al., in press)

G. Lisianthius (Sytsma & Schaal, 1985a, b)

H. Nicotiana debneyi and N repanda (Salts e

al., 1984)

I. Populus nigra and P. alba (Smith & Sytsma

1982)

C. Pisum sativum (Palm

exchange \ i,'! h\ !k'hii/:i1i«.'i

ing rise to different and sometimes unexpected

organelles and nuclear-based phylogenies, is prob-

ii.l common .i ngi< -pi n (Nearly, a molecular

phylogenetic stud) would he more thorough (and

also more willingly accepted by the system ;i. >i i

munity) if both lh< b:i rent II- inherited nuclear

genome and a pi do . m ml miparentally inher-

ited organeller genome are examined and com-

Doyle (1987), in a perceptive review of the

promises and pitfalls of plant systematics at the

DNA level, stated that the available DNA studies

(both nuclear and organeller) suggest that "sweep-

ing statements that a particular molecular phylog-

eny is 'right' and that more traditional approaches,

ise traditional approaches.

The examples presented here of Clarkia epi-

lobioides/C. rostrata and C. dudleyana/ Hetero-

, _ ume of the most

definitive examples of where molecular phylogeny

could be considered 'right' and the traditional ap

proach 'wrong.' In these two cases, data from

chloroplast DNA, nuclear rDNA, and isozymes pro-

vide independent and congruent phylogenies, con-

trary to phylogenies using morphology. Doyle

kely t

being

im.iUsU." Thus, disparity between DNAand mor-

p:i. l«>o\ i II ; is expected to occur in some or many

systematic studies, (2) should be the basis lor in

hit additional systematic procedures to ex-

amine the disparity, (3) will provide insight into

relative rates of molecular and morphol < i

vergence, (4) should provide insight into what char-

acters (morphological or molecular) in a given group

are particularly prone to convergence or parallel-

ism and thus less phylogenetically useful, and (5)

mi i! lit new or previously nontra-

ditional questions to be asked and answered.
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